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Responses of microbial activity in hyporheic pore water to 
biogeochemical changes in a drying headwater stream































heic	 zone	might	 provide	 refuge	 for	microbes	when	 surface	 flow	 ceases	 during	
drought	events.
2.	 We	 investigated	 chemical	 (organic	 and	 inorganic	 nutrients)	 and	microbiological	







with	 the	 surface	water,	 as	 expressed	 in	 the	 availability	 of	 nitrate	 and	 oxygen.	
Conversely,	microbiological	parameters	in	all	hyporheic	locations	were	different	
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1  | INTRODUCTION
From	a	hydrological	perspective,	 the	hyporheic	 zone	 is	defined	as	
the	 sediments,	where	 stream	water	enters	 the	 subsurface	and	 re‐
turns	to	the	stream	channel	at	the	reach	scale	(Wondzell	&	Gooseff,	
2013).	From	an	ecological	perspective,	the	hyporheic	zone	is	a	bio‐
geochemical	 hot	 spot	 with	 high	 turnover	 rates	 of	 organic	 matter	
and	 inorganic	 nutrients,	 because	 most	 of	 microbial	 heterotrophic	
activity	 occurs	 in	 this	 compartment	 (Boulton,	 Findlay,	Marmonier,	
Stanley,	&	Valett,	1998;	Danczak	et	al.,	2016;	McClain	et	al.,	2003).	
For	instance,	hyporheic	denitrification	can	comprise	up	to	twice	the	
rate	of	whole	 stream	 (benthic	 and	pelagic)	denitrification	 (Harvey,	
Böhlke,	Voytek,	 Scott,	&	Tobias,	 2013)	 and	 the	biggest	 portion	of	
dissolved	 organic	 matter	 (DOM)	 is	 metabolised	 there	 (Naegeli	 &	





















of	 the	 sediment	 (Eiler,	 Langenheder,	 Bertilsson,	 &	 Tranvik,	 2003;	
Fischer,	Sachse,	Steinberg,	&	Pusch,	2002)	whereby	the	source	and	
lability	 of	 DOM	 play	 a	 key	 role	 for	microbial	 metabolism	 (Chafiq,	
Gibert,	&	Claret,	1999;	Hall	&	Tank,	2003).	Leachates	 from	micro‐
bial	 assemblages	 provides	 an	 autochthonous	 DOM	 source	 that	 is	
assumed	to	be	even	more	labile	for	microbes	(Anesio,	Granéli,	Aiken,	
Kieber,	&	Mopper,	2005).	Allochthonous	DOM	 is	 typically	 consid‐
ered	resistant	to	microbial	metabolism.	However,	in	highly	oligotro‐
phic	systems	the	quantity	of	allochthonous	DOM	has	shown	to	drive	
shifts	 in	 community	 composition	 (Eiler	 et	al.,	 2003).	 By	 contrast,	
autochthonous	DOM	has	been	found	to	affect	community	compo‐












the	microbial	 activity	 in	 streams	 is	 driven	by	 a	whole	 set	 of	 envi‐












heic	 zone	was	 confined	 by	 impermeable	 bed	 rock	 and,	 therefore,	
impeding	groundwater	mixing	(Harjung,	Sabater,	&	Butturini,	2017).	
This	 situation	 excluded	 groundwater	 as	 a	 potential	 end‐	member	
and	 offered	 the	 possibility	 to	 investigate	 the	 hyporheic	 zone	 as	 a	
biogeochemical	reactor	driving	dissolved	organic	carbon	(DOC)	and	
inorganic	 nutrient	 retention	 and	 release,	 as	 well	 as	 DOM	 quality	
changes.
In	the	present	study,	we	linked	chemical	changes	to	the	bacterial	
cell	 concentration,	 live–dead	 ratio	 and	extracellular	 enzyme	activ‐






attached	 to	 the	 sediment,	 because	 in	 the	water,	 the	 responses	 to	
environmental	changes	will	be	observed	immediately	 (Febria	et	al.,	
2012).	 The	 two	 specific	 objectives	were:	 (1)	 to	 compare	microbial	
activity	 and	 chemical	 parameters	 in	 surface	 and	 hyporheic	 pore	
water;	 and	 (2)	 to	 explore	 temporal	 variability	 of	microbial	 activity	
along	hyporheic	flow	paths	and	its	relationship	to	increasing	water	
residence	times	and	changes	in	nutrient	and	energy	availability.	Our	
hypothesis	was	 that	DOM	 transformation	 is	 limited	by	 availability	
of	oxygen	and	nutrients	when	water	progressively	vanishes	during	
the	drought	period.	We	 further	hypothesised	 that	as	 surface	 flow	




The	 Fuirosos	 stream	 is	 an	 intermittent	 headwater	 stream	 in	 the	
north‐	east	of	 the	 Iberian	Peninsula,	with	an	underlying	catchment	
geology	comprised	of	leucogranite	and	granodiorit,	draining	off	into	





























(19	 June)	 represented	 the	 pre‐	drought	 phase	 with	 a	 discharge	 of	
6	L/s	and	the	second	sampling	(3	July)	exemplified	the	contraction	
phase	 with	 a	 discharge	 of	 1.4	L/s.	 The	 contraction	 phase	 started	







for	 the	 later	samplings.	However,	 the	absence	of	diurnal	 tempera‐
ture	cycles	in	the	hyporheic	zone	downstream	indicated	that	water	
residence	time	exceeded	24	hr.	The	reason	for	this	is	that	the	longer	














depth	 of	 50	cm	 in	 the	 hyporheic	 zone.	 The	 sampling	 locations	 in‐
cluded	an	upstream	well	(HZup)	two	lateral	wells	(HZlat1,	HZlat2)	and	
two	wells	downstream	of	the	pool	(HZinf,	HZdw,	Figure	1).	The	well	

















Dissolved	 oxygen	 was	 measured	 using	 an	 YSI	 20	 Pro	 oxygen	
sensor	probe	 inside	 the	wells	 immediately	 after	pumping	and	was	
deployed	in	the	pool	and	HZdw	to	obtain	continuous	dissolved	oxy‐
gen	and	temperature	measurements.	Surface	and	interstitial	water	
samples	 for	microbiological	 analyses	were	 either	 incubated	 in	 the	
field	 for	 the	 measurement	 of	 extracellular	 enzyme	 activities,	 or	
placed	in	sterile	vials	and	fixed	for	bacterial	cell	concentration	and	
viability	 taking	 three	 replicates	 at	 each	 location	 (see	below).	Both	











Extracellular	 enzyme	 activities	 β‐	glucosidase	 (EC	 3.2.1.21),	 cel‐
lobiohydrolase	 (EC	 3.2.1.91),	 phosphatase	 (EC	 3.1.3.1‐	2),	 and	
leucine	aminopeptidase	(EC	3.4.11.1)	were	measured	spectrofluo‐
rometrically	using	 fluorescent‐	linked	artificial	 substrates	 (methy‐
lumbelliferyl	 [MUF]‐	β‐	D‐	glucopyranoside,	 MUF‐	cellobioside,	
MUF‐	phosphate	 and	 L‐	leucine‐	7‐	amido‐	4‐	methylcoumarin	 hy‐
drochloride	 [AMC];	 Sigma‐	Aldrich).	 All	 enzyme	 activities	 were	
measured	under	saturating	conditions	(0.3	mM	for	β‐	glucosidase,	
phosphatase,	 and	 leucine	 aminopeptidase	 (Romaní	 &	 Sabater,	
2000);	 and	 0.9	mM	 for	 cellobiohydrolase	 (Mora‐	Gómez,	Duarte,	











AMC	 fluorescence.	 Samples	 were	 kept	 cold	 and	 transported	 to	
the	laboratory	for	fluorescence	readings.	Aliquots	(350	μl)	of	each	
sample	were	 placed	 into	wells	 of	 a	 96‐	well	 black	 plate	 (Greiner	
bio‐	one).	 Fluorescence	 was	 measured	 at	 an	 excitation/emission	
(ex/em)	wavelength	of	365/455	(MUF	fluorescence)	and	364/445	
(AMC	 fluorescence)	 in	a	 fluorimeter	plate	 reader	 (Tecan,	 infinite	
M200	 Pro).	 To	 determine	 extracellular	 enzyme	 activities,	 MUF	





samples	 (1	ml)	 were	 placed	 in	 sterilised	 glass	 vials,	 and	 detaching	
solution	(9	ml)	was	added	to	each	water	sample.	Detaching	solution	



















penetrates	 cells	 with	 damaged	 membranes,	 and	 the	 combination	
























All	 DOM	 data	 treatment	 was	 performed	 with	 MATLAB	 (version	
R2015b,	MathWorks).	 The	 raw	 fluorescence	 data	were	 divided	 by	
a	correction	file	obtained	for	the	lamp	in	use	following	the	protocol	
of	(Gardecki	&	Maroncelli,	1998)	and	then	normalised	to	the	Raman	
area	 to	 account	 for	 lamp	 decay	 over	 time	 (Lawaetz	 &	 Stedmon,	
2008).	Absorbance	data	of	the	respective	samples	were	used	to	cor‐
rect	for	the	inner‐	filter	effect	(Lakowicz,	2006).	MilliQ	water	blanks	
were	 subtracted	 to	 remove	Raman	 scattering	 (Goletz	 et	al.,	 2011).	






index	describes	 freshness	 (higher	values	 refer	 to	more	 recent	pro‐












in	 this	 ratio	 to	 irradiation.	The	absorbance	 ratio	E2E3,	which	 is	 the	














canonical	 analysis	of	principal	 coordinates	 (CAP)	was	performed	
to	visualise	and	classify	the	 locations.	CAP	is	a	constrained	ordi‐
nation	 tool	 that	 discriminates	 locations	 defined	 a	 priori	 and	 de‐
termines	 the	 level	 of	misclassification	 among	 sampling	 locations	
(Anderson	&	Willis,	2012).	These	features	enabled	us	to	determine	
which	 sampling	 locations	 were	 undergoing	 most	 changes	 and	
therefore	 reached	highest	misclassifications	 and	which	 sampling	
locations	 showed	 stable	 conditions	 over	 time.	 Appropriate	 axis	
(m)	was	 chosen	by	minimising	 the	p‐	value	 from	 the	permutation	
test	based	upon	the	trace	statistic	and	maximising	the	leave‐	one‐	









normality.	 Additionally,	 one‐	way	 ANOVA	 with	 Tukey's	 post hoc 
analysis	was	used	to	evaluate	differences	between	sampling	loca‐
tions	at	a	significance	level	of	p < 0.01.
Concentration	 differences	 along	 hyporheic	 flow	 paths	 were	
tested	with	a	paired	Student	t	test	at	a	significance	level	of	p < 0.05 
for	differences	between	pool	and	HZinf,	as	well	as	HZinf	and	HZdw. 
To	 investigate	 if	 there	 is	 a	 correlation	 between	 increases/de‐




the	 environmental	 biogeochemical	 conditions	 were	 explanatory	
variables	for	the	microbiological	variables.	Pretreatment	consisted	







activities across the surface–hyporheic pore water 
interface
Water	 physics	 and	 chemistry	 were	 characterised	 by	 electrical	




the	 interstitial	 pore	waters	 exhibited	 a	 higher	 live–dead	 ratio	 (see	
ANOVA	results	in	Table	1).
Significant	 differences	 between	 locations	 were	 found	 for	 the	
chemical	variables	(Table	1,	ANOSIM	R	=	0.394,	p < 0.001)	but	sur‐
face	 water	 samples	 were	 not	 separated	 from	 the	 hyporheic	 pore	
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water	 samples	 (ANOSIM	 R	=	0.053,	 p = 0.216	 for	 factor	 surface–
hyporheic,	 Figure	2).	With	 regard	 to	 the	microbiological	 activities,	
differences	among	 locations	and	among	surface	water	and	 the	 in‐
terstitial	pore	water	 samples	were	 significant	 (ANOSIM	R	=	0.272,	
p < 0.001	for	factor	location;	ANOSIM	R	=	0.412,	p < 0.001 for fac‐
tor	surface–hyporheic,	Figure	2).
3.2 | Changes in water chemistry and microbial 
activity along hyporheic flow paths
We	 investigated	 the	 temporal	 variability	 of	 the	 hyporheic	 zone	
with	 drying	 by	 plotting	 the	 biogeochemical	 and	 microbiological	
parameters	for	the	pool,	HZinf	 (10	m	after	the	pool)	and	HZdw	 (up‐
welling	 location	25	m	after	 the	pool)	 for	pre‐	drought,	 contraction,	
transition,	 and	 fragmentation	 separately	 (Figure	3)	 and	 compared	
increases	or	decreases	with	discharge	data	of	the	sampling	date.	For	




charge	 and	 longer	 water	 residence	 time,	 the	 live–dead	 ratio	 de‐




Variable HZup (n = 5) HZlat1 (n = 5) HZlat2 (n = 5) HZinf (n = 4) HZdw (n = 5) Pool (n = 5) Stream (n = 7)
Bacteria*,	106	cells/
ml
5.9b ± 8.9  1.1ab ± 0.3 1.3ab ± 1.0 0.4a ± 0.5 1.1ab ± 0.7 2.8ab ± 2.9 0.6ab ± 0.1
Live–dead‐	ratio* 0.41b ± 0.29 0.22ab ± 0.13 0.19ab ± 0.08 0.69b ± 0.38 0.74b ± 0.4 0.06a ± 0.06 0.09ab ± 0.05
β‐	glucosidase*,	
nmol ml−1 hr−1
0.01a ± 0.00 0.02a ± 0.02 0.01a ± 0.01 0.01a ± 0.01 0.05a ± 0.05 0.08a ± 0.05 0.08a ± 0.03
Phosphatase,	
nmol ml−1 hr−1
0.42 ± 0.68 0.04 ± 0.06 0.07 ± 0.09 0.10 ± 0.09 0.31 ± 0.32 0.23 ± 0.18 0.15 ± 0.10
Cellobiohydrolase,	
nmol ml−1 hr−1




0.23ab ± 0.29 0.03a ± 0.03 0.19ab ± 0.12 0.26ab ± 0.28 0.27ab ± 0.33 0.82b ± 0.61 0.76b ± 0.57
Fluorescence	index 1.52 ± 0.03 1.58 ± 0.03 1.53 ± 0.08 1.49 ± 0.01 1.53 ± 0.05 1.49 ± 0.01 1.50 ± 0.08
Humification	
index*
0.87a ± 0.03 0.95b ± 0.02 0.91ab ± 0.02 0.92ab ± 0.03 0.89ab ± 0.02 0.90ab ± 0.03 0.91ab ± 0.02
Biological	index 0.58 ± 0.02 0.58 ± 0.01 0.59 ± 0.01 0.59 ± 0.01 0.60 ± 0.02 0.58 ± 0.02 0.60 ± 0.03





1.87 ± 0.58 2.05 ± 0.40 2.34 ± 0.28 2.06 ± 0.74 2.25 ± 0.25 2.34 ± 0.24 2.32 ± 0.35
E2E3	(index	
molecular	size)
6.81 ± 0.63 7.23 ± 1.03 7.22 ± 0.89 5.98 ± 0.82 6.72 ± 1.20 5.73 ± 0.63 6.05 ± 0.57
DOC,	mg/L 3.34 ± 1.54 5.15 ± 1.54 2.70 ± 0.57 3.08 ± 1.28 2.78 ± 0.50 3.17 ± 0.70 2.68 ± 0.42
Dissolved	oxygen*,	
mg/L
1.25ab ± 0.46 1.03ab ± 0.47 2.49abc ± 1.37 4.20abc ± 2.38 0.91a ± 0.68 6.33c ± 1.75 6.23bc ± 3.04
NO3*,	mg/L 0.11
a ± 0.07 0.09a ± 0.05 0.09a ± 0.06 0.71b ± 0.30 0.23ab ± 0.15 0.14ab ± 0.09 0.15ab ± 0.09
SRP,	μg/L 18.08 ± 10.38 21.54 ± 1.85 14.61 ± 5.51 32.14 ± 8.20 21.54 ± 5.79 22.15 ± 9.27 23.4 ± 3.81
SO4*,	mg/L 7.57
b ± 4.93 1.96a ± 1.03 5.87b ± 1.16 5.72b ± 0.46 5.58b ± 0.55 5.67b ± 0.55 5.69b ± 0.40
NH4*	mg/L 0.09
bc ± 0.03 0.33d ± 0.10 0.13 cd ± 0.03 0.03a ± 0.01 0.09abc ± 0.08 0.04ab ± 0.02 0.03ab ± 0.01
pH* 7.02b ± 0.16 6.55a ± 0.10 6.75ab ± 0.12 6.97b ± 0.13 6.92b ± 0.15 6.98b ± 0.14 6.99b ± 0.10
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generally	lower	in	HZinf	compared	to	the	pool,	but	phosphatase	and	
β‐	glucosidase	recovered	along	the	hyporheic	flow	paths.	Generally,	
these	 extracellular	 enzyme	 activities	 decreased	 in	 the	 hyporheic	
zone	with	 longer	water	 residence	 times	 and	during	 fragmentation	
they	were	 nearly	 undetectable	 for	 both	 hyporheic	 zone	 locations	
(significant	 for	 phosphatase,	 Table	2,	 Figure	3).	 Only	 leucine	 ami‐
nopeptidase	showed	maximum	values	in	HZdw	during	the	transition	
phase,	which	was	when	water	 residence	 time	 already	 exceeded	 a	














HZinf	 during	 the	 transition	 phase	 and	 from	HZdw	 during	 fragmen‐
tation.	Conversely,	 SRP	 and	NO3	 concentrations	 always	 increased	





concentrations	 decreased	 back	 to	 pool	 concentrations.	 The	 same	
applied	 to	NO3	 (significantly	more	decrease	with	 lower	discharge,	
Table	2),	but	the	magnitude	of	this	decrease	was	not	sufficient	to	re‐
move	all	the	NO3	produced	at	HZinf.	Overall,	the	NO3	concentration	
increased	 by	 260%,	 230%,	 and	 59%	between	 the	 pool	 and	HZdw,	
during	pre‐	drought,	contraction,	and	the	transition	phases,	respec‐
tively.	 Conversely,	 during	 fragmentation,	 the	 NO3	 concentration	






but	 the	magnitude	 of	 this	 increase	was	 not	 associated	with	water	
residence	 time.	 The	 fluorescence	 index	 did	 not	 show	 any	 change	
between	 HZinf	 and	 the	 pool,	 but	 clearly	 increased	 between	 HZinf 
and	HZdw.	 The	humification	 index	 showed	a	 similar	 pattern	 as	 the	
inorganic	nutrients,	whereby	this	index	increased	between	the	pool	





We	 explored	 the	 relationships	 between	 environmental	 variables	
and	 microbial	 activity	 with	 an	 RDA	 (Figure	4).	 The	 first	 two	 axes	
were	 significant	 (p < 0.001),	whereby	 the	 first	 axis	 explained	 16%	
and	 the	 second	 axis	 16%	of	 the	 variation.	Out	 of	 the	14	 environ‐
mental	 variables,	 six	 showed	 a	 high	 correlation	with	 the	 first	 two	
RDA	axes,	namely	dissolved	oxygen,	NO3,	SRP,	pH,	NH4,	and	E2E3 
ratio	 (all	p < 0.05).	The	E2E3	absorbance	ratio	 loaded	negatively	on	
the	first	axis	and	plotted	together	with	the	live–dead	ratio.	This	was	
in	 contrast	 to	dissolved	oxygen	concentration,	which	 loaded	posi‐
tively	on	the	first	axis	and	was	related	to	leucine	aminopeptidase	and	
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The	scores	of	the	RDA	showed	that	the	first	axis	divided	surface	
(plotting	 positively)	 from	 hyporheic	water	 samples	 (plotting	 nega‐
tively).	The	isolines	(smoothed)	mark	the	five	samplings	performed	

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































the surface–hyporheic interface in an intermittent 
system
We	hypothesised	that	we	would	find	a	different	nutrient	status	and	
DOM	availability	 in	 the	 surface	waters	versus	 the	 interstitial	pore	


















Conversely,	 the	microbiological	 variables	 changed	 immediately	
once	 the	water	 has	 entered	 the	 hyporheic	 zone,	 since	 all	 intersti‐
tial	 pore	water	 samples	 showed	 a	 clear	 division	 from	 the	 surface	









spring	 season	 during	 well‐	established	 baseflow	 connection	 were	
twice	 the	 maximum	 values	 of	 this	 study	 (Ylla	 et	al.,	 2010).	 Only	
right	 before	 streambed	 desiccation,	 when	 nearby	 groundwater	
did	not	 supply	 the	stream	anymore,	were	 the	values	similarly	 low.	
Furthermore,	 Romaní	 et	al.	 (2006)	 report	 leucine	 aminopeptidase	




in	 July	 (Ann,	2015).	 Several	 studies	 report	 a	 close	 connection	be‐
tween	 extracellular	 enzyme	 activities	 and	 DOM	 availability	 from	
different	 aquatic	 environments	 (Baltar,	 Morán,	 &	 Lønborg,	 2017;	
Sabater	&	Romani,	 1996;	 Ylla,	 Sanpera‐	Calbet,	Muñoz,	 Romaní,	 &	
Sabater,	 2011).	 In	 this	 context,	 photo‐	oxidised	 DOM	 could	 either	
be	less	labile	to	bacterial	metabolism	if	amino	acids	were	destroyed	
(Amado,	 Cotner,	 Cory,	 Edhlund,	 &	McNeill,	 2015)	 or	 extracellular	
enzyme	activities	themselves	can	be	photodegraded	in	the	surface	




the	 low	buffering	 capacity	 of	 the	water	 in	 the	 granitic	 catchment	
favours	 acidic	 conditions	when	 humic	 acids	 are	 abundant.	Hence,	
DOM	 quality	 could	 have	 affected	 the	 occurrence	 of	 extracellular	
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also	 observed	 in	 other	 studies	 from	 intermittent	 streams	 (Bernal	







during	 fragmentation	 between	 HZinf	 and	 HZdw	 when	 water	 resi‐
dence	time	exceeded	a	day.
Labile	DOC	can	additionally	enhance	hyporheic	denitrification,	
with	 rates	 of	 up	 to	 0.37	mg‐	N/L	 in	 10	hr	 (Zarnetske,	 Haggerty,	
Wondzell,	 &	 Baker,	 2011b),	 which	 is	 higher	 but	 still	 of	 a	 similar	
magnitude	 as	 found	 in	 this	 study.	 Conversely,	 DOM	 infiltrating	
with	the	surface	water	showed	a	high	humification	degree	in	HZinf,	
in	 line	 with	 high	 nitrification	 rates	 reported	 when	 recalcitrant	
DOM	is	abundant	(Strauss	&	Lamberti,	2002).	However,	the	DOM	
quality	was	 improving	 along	 hyporheic	 flow	 paths,	 as	 shown	 by	
decreasing	 humification,	 but	 increasing	 fluorescence	 index	 (au‐
tochthonous)	 and	 E2E3	 (smaller	 molecules)	 values.	 The	 fluores‐












in	 Table	 S2).	 DOM	 derived	 from	 surface	 water	 can	 fuel	 hypor‐
heic	 metabolism	 (Clinton,	 Edwards,	 &	 Findlay,	 2010),	 but	 DOM	
can	 also	 be	 derived	 from	 particulate	 organic	matter,	 extracellu‐
lar	 enzymes	or	 released	during	 anabolic	 processes	 in	 the	hypor‐
heic	zone	(Burrows	et	al.,	2017;	Stegen	et	al.,	2016).	Fischer	et	al.	
(2002)	 suggested	 that	 the	cycling	of	 these	autochthonous	DOM	
fractions	might	be	 faster	and	consequently	 their	 contribution	 to	
bacterial	metabolism	would	be	higher	than	inferred	from	the	ap‐
parent	DOM	retention.
Moreover,	 bacterial	 cell	 concentration	 increased	 in	 all	 sam‐
pling	 locations	 with	 drying	 that	 is	 in	 contrast	 to	 continuous	 flow	
column	 experiments,	 where	 bacterial	 cell	 concentration	 rapidly	
decreased	with	depth	 (Perujo	et	al.,	 2017).	Conversely,	 a	 reported	
increase	in	bacterial	cell	concentration	in	the	interstitial	pore	water	
of	a	sediment	desiccation	 laboratory	experiment	 (Pohlon,	Fandino,	
&	Marxsen,	 2013),	 suggests	 that	microbial	 activity	 in	 intermittent	
streams	follows	a	different	distribution	pattern	of	microbial	activity	
than	 their	perennial	 counterparts.	Furthermore,	 the	 results	of	 this	
laboratory	experiment	indicated	a	community	shift	towards	bacteria	





The	 hyporheic	 zone	 appeared	 to	 have	 acted	 as	 a	 refuge	 for	 the	
bacteria	 during	 the	 drying	 period	 of	 the	 stream	 as	 shown	 by	
higher	 live–dead	ratio	of	subsurface	waters	compared	to	the	sur‐
face	water.	The	 sediment	desiccation	of	 intermittent	 rivers	 is	 re‐
ported	 to	 drastically	 reduce	 living	 bacteria	 when	 experimentally	
tested	 in	mesocosms	 (Amalfitano	et	al.,	2008).	However,	we	sug‐
gest	that	natural	streams	and	rivers	often	maintain	deeper,	water‐	
saturated	 layers	 of	 the	 hyporheic	 zone	 as	 a	 refuge	 for	microbial	
activity	during	drought	as	 suggested	by	Romaní	et	al.	 (2013).	We	
found	 significantly	 higher	 live–dead	 ratios	 in	 the	 interstitial	 pore	
water	compared	to	surface	water	that	points	towards	this	survival	
mechanism	of	bacteria	and	is	further	evidenced	by	the	increase	of	
the	 live–dead	 ratio	 along	 the	hyporheic	 flow	path	between	HZinf 
and	HZdw.	Similarly,	the	bacterial	community	in	the	hyporheic	zone	
(at	 10	cm	 depth)	 of	 Fuirosos	 showed	 higher	 resistance	 to	 drying	
than	the	upper	layers	of	sandy	sediment	cores	(Timoner,	Borrego,	
Acuña,	&	Sabater,	2014).	Furthermore,	Ann	 (2015)	reports	higher	
extracellular	enzyme	activities	 in	 interstitial	water	of	 the	Tordera	
River	with	 absence	of	 surface	 flow	 from	sediment	depths	 similar	
to	those	of	this	study	(−30	to	−50	cm).	Concerning	the	resistance	
mechanisms	 of	 microbial	 metabolism	 during	 drought,	 there	 is	 a	
paucity	of	studies	reporting	live–dead	ratios	and	bacterial	cell	con‐
centration	 in	 interstitial	pore	water.	This	would	be	particularly	of	
interest,	 as	 prokaryotes	 are	 able	 to	 travel	 greater	 distances	 and	
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Ylla	 et	al.,	 2010).	 This	 idea	 is	 further	 corroborated	 by	 the	 much	
lower	microbial	activity	that	we	found	in	the	interstitial	pore	water	
in	 October	 when	 the	 fluvial	 continuum	 had	 re‐	established	 (data	
shown	in	Table	S1).	Still,	we	have	to	acknowledge	the	fact	that	the	
number	of	observations	 in	 this	 study	 is	 small	 and	 further	 studies	
are	needed	to	fully	understand	the	hyporheic	zone	as	a	refuge	for	
microbial	 activity.	 For	 example,	microbial	metabolism	was	 shown	
to	be	affected	by	the	hydraulic	conductivity	of	the	hyporheic	zone	
(Mendoza‐	Lera	 &	 Datry,	 2017).	 Further,	 we	 suggest	 comparing	
intermittent	streams	with	previously	perennial	 streams	or	 to	 test	
different	water	 depths	 to	 understand	how	deep	 the	prokaryotes	
can	migrate.	Conclusively,	our	results	emphasise	the	importance	of	
the	hyporheic	zone	during	drought:	not	just	that	remaining	water‐	
saturated	 locations	 are	 biogeochemical	 hot	 spots	 during	 drought	
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